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Abstract. Critical to development of new therapies for Alzheimer’s disease (AD) is the ability to detect clinical or pathological
change over time. Clinical outcome measures typically used in therapeutic trials have unfortunately proven to be relatively variable
and somewhat insensitive to change in this slowly progressive disease. For this reason, development of surrogate biomarkers that
identify significant disease-associated brain changes are necessary to expedite treatment development in AD. Since AD pathology
is present in the brain many years prior to clinical manifestation, ideally we want to develop biomarkers of disease that identify
abnormal brain structure or function even prior to cognitive decline. Magnetic resonance imaging, fluorodeoxyglucose positron
emission tomography, new amyloid imaging techniques, and spinal fluid markers of AD all have great potential to provide
surrogate endpoint measures for AD pathology. The Alzheimer’s disease neuroimaging initiative (ADNI) was developed for
the distinct purpose of evaluating surrogate biomarkers for drug development in AD. Recent evidence from ADNI demonstrates
that imaging may provide more sensitive, and earlier, measures of disease progression than traditional clinical measures for
powering clinical drug trials in Alzheimer’s disease. This review discusses recently presented data from the ADNI dataset, and
the importance of imaging in the future of drug development in AD.
1. Introduction: A need for biomarkers of disease
in drug development
In the last two decades Alzheimer’s disease (AD) re-
search has made many leaps forward towards the goal
of finding a cure for AD. In particular, beta amyloid
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pathology and neurofibrillary tangles have been identi-
fied as highly associated with the clinical presentation
of AD [1,11]. And, an early onset AD clinical syn-
drome and pathology have been linked to autosomal
dominant kindreds with mutations in genes responsi-
ble for amyloid precursor protein metabolism. Anoth-
er important discovery was of the apolipoprotein ep-
silon 4 allele (APOE4), which is currently the most po-
tent known genetic risk for late onset AD [3]. Current
drug development strategies primarily focus on treat-
ing AD after cognitive symptoms have already begun,
after meeting clinical dementia criteria, or in clinical
prodromal states such as mild cognitive impairment
(MCI) [30,42]. However, unlike most diseases that
present shortly after the onset of underlying pathology,
we now realize that AD pathology begins many years
(possibly decades) prior to clinical manifestations [7,
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24]. And, once functional impairment occurs, it may be
difficult to derail the neurodegenerative process, mak-
ing it unlikely that we will be able to return individuals
to their pre-morbid cognitive state. Therefore, a cure
for Alzheimer’s disease is most likely to be found by
detecting Alzheimer’s disease pathology at its earliest
clinical stage, or potentially even before clinical man-
ifestations. For this, we need more sensitive measures
of clinical symptoms or underlying pathology to power
clinical trials.
Efforts to demonstrate disease-modifying effects in
AD have been frustratingly unsuccessful. While many
plausible targets and candidate agents have been de-
veloped, there have been no successful efficacy trials
(though several large trials are now in progress). In par-
ticular, failures of three putative anti-amyloid therapies
in AD, Flurizan, Alzemed and AN1792 underscored
the need to improve abilities to detect disease modify-
ing effects of putative AD therapies [38]. The failure
of completed trials to demonstrate benefits may reflect
low potency of the interventions, but it is quite likely
that methodological difficulties have contributed. In-
deed, there is a consensus that it is essential to improve
trial design to facilitate the development of the next
generation of AD therapies. Neuroimaging biomarkers
will be an important component of optimal trial design.
All of the AD drugs currently approved provide mod-
est symptomatic benefits that last twelve to eighteen
months, on average [43]. There is no evidence that
these drugs modify underlying disease pathology or
curtail the ultimate progression of disease and clini-
cal decline. Symptomatic improvement in cognition
and function or global status can be demonstrated in
3–6 month trials; maximal separation of treatment and
placebo groups on primary outcome measures occurs
in this time frame [43]. Because these effects can be
seen in a relatively short period of time, it has been fea-
sible to demonstrate benefits and select optimal doses
in Phase II trials that have been predictive of success in
pivotal Phase III studies of symptomatic therapies.
Disease-modifying drugs, however, will not nec-
essarily show any short-term symptomatic benefits.
These interventions, attacking targets along the amy-
loid or neurofibrillary tangle cascades or otherwise pro-
viding neuroprotection, aim to slow the rate of neurde-
generation causing cognitive and clinical decline. Un-
like symptomatic treatments, they are not particularly
aimed at “boosting” short term clinical performance.
Since there is often little or no placebo group decline
observed in mild AD trials of 6 months or less, long tri-
als are necessary to see an efficacy signal. Indeed, the
European Medicines Agency guidelines indicate that
trials of at least 18 months are required to document
disease-modifying effects. Dose-finding efficacy trials
are therefore not feasible in a standard-type 3-6 month
Phase II program.
This difficulty is compounded by the growing con-
cern that the mild AD population is too advanced in
terms of extent of amyloid and tangle neuropathology
to show substantial benefits with disease-modifying in-
terventions [38]. Pathology likely precedes dementia
onset by a decade or longer, with dementia onset rep-
resenting a late stage along the neurobiological path-
way [8,24]. For this reason, to optimize the impact
of disease-modifying treatments, they must be initi-
ated at the earliest possible stage of disease. But at
an early, pre-dementia stage of disease, decline rates
on standard cognitive and clinical measures are quite
gradual, reducing the power of trials to demonstrate
effects. Clinician-based assessments or cognitive mea-
sures such as the Alzheimer’s Disease Assessment
Scale (ADAS-Cog) [36] and the Clinical Dementia Rat-
ing Scale (CDR) [26], are commonly used to evaluate
treatment efficacy in such clinical trials, though both
are limited in their sensitivity to detect change over time
and require the use of large sample sizes and extend-
ed observation times [12,17,27]. To improve detec-
tion of significant treatment effects in early clinical or
pre-clinical disease, it is therefore necessary to develop
more sensitive surrogate endpoint measurer of disease
progression.
Neuroimaging biomarkers offer some solutions to
these difficulties. Longitudinal studies such as the
Alzheimer’s Disease Neuroimaging Initiative (ADNI)
have demonstrated the power of neuroimaging to re-
flect AD neurobiology [14,21,25,28]. It is now feasi-
ble to utilize neuroimaging to advance trial design in
three ways: to select early-stage subjects for trials, to
provide covariates to reduce unexplained variance in
cognitive and clinical progression and thereby increase
trial power, and as surrogate outcome measures.
The studies reviewed here represent analyses of
imaging and spinal fluid data collected in the AD-
NI, and obtained from the publicly available ADNI
database (http://www.loni.ucla.edu\ADNI). The AD-
NI was launched in 2003 by the National Institute
on Aging (NIA), the National Institute of Biomedi-
cal Imaging and Bioengineering (NIBIB), the Food
and Drug Administration (FDA), private pharmaceuti-
cal companies and non-profit organizations, as a $60
million, 5-year public-private partnership. The prima-
ry goal of ADNI has been to test whether serial mag-
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netic resonance imaging (MRI), positron emission to-
mography (PET), other biological markers, and clinical
and neuropsychological assessment can be combined
to measure the progression of mild cognitive impair-
ment (MCI) and early Alzheimer’s disease (AD). De-
termination of sensitive and specific markers of very
early AD progression is intended to aid researchers and
clinicians to develop new treatments and monitor their
effectiveness, as well as lessen the time and cost of
clinical trials. The Principle Investigator of this initia-
tive is Michael W. Weiner, M.D., VA Medical Center
and University of California – San Francisco. ADNI
is the result of efforts of many co-investigators from a
broad range of academic institutions and private cor-
porations, and subjects have been recruited from over
50 sites across the US and Canada. The initial goal of
ADNI was to recruit 800 adults, ages 55 to 90, to par-
ticipate in the research – approximately 200 cognitive-
ly normal older individuals to be followed for 3 years,
400 people with MCI to be followed for 3 years, and
200 people with early AD to be followed for 2 years.
For up-to-date information see www.adni-info.org.
2. Neuroimaging and subject selection
Attempts to study disease-modifying interventions
at a clinical stage earlier than mild dementia have gen-
erally focused on MCI [30,42]. The population de-
fined by commonly used guidelines for MCI is some-
what heterogeneous; it includes individuals who may
not show substantial decline during the years follow-
ing diagnosis. Further, rate of progression to demen-
tia has varied substantially among various MCI stud-
ies [32]. Neuroimaging and cerebrospinal biomarker
studies such as ADNI and those at Washington Uni-
versity and the University of Guthenburg have clari-
fied the neurobiological events underlying AD and its
prodromal stages. Evidence suggests that amyloid de-
position occurs years before dementia onset, and after
a lag period without significant symptoms, amnestic
MCI develops with gradual progression to AD [14]. It
therefore seems reasonable to select subjects with the
cognitive criteria of MCI plus biomarker evidence of
amyloid as an ideal population for pre-dementia trials
of disease-modifying drugs, particularly anti-amyloid
drugs [6]. Cerebral spinal fluid (CSF) biomarkers and
recent amyloid imaging techniques may provide an op-
portunity to enrich subject selection in nearly treatment
trials.
ADNI data provides an opportunity to test this
idea [13,28]. Subjects with brain amyloid can be iden-
tified either by amyloid PET imaging [19,29] (either
with 11C-PIB [18] or the newer 18F amyloid ligands) or
by the presence of a low CSF amyloid beta 42 (Aβ42)
level [39]. Since more ADNI subjects have had CSF
collection than amyloid imaging, our group has ex-
plored the value of subject selection based on levels
of CSF amyloid. We find a substantial gain in sta-
tistical power, as expected. For an MCI study with
a two year treatment period aiming to demonstrate a
40% slowing of disease progression as indicated by
decline on continuous measures of cognition or clini-
cal stage, selection of subjects with CSF amyloid lev-
el cut-offs reduces the necessary sample size by 35%.
Similarly, such selection reduces sample size of an
MCI study using a time-to-dementia analysis, yielding
a 30% reduction in sample size [4,5] (http://www.adni-
info.org/images/stories/SteeringCommittee2009/03-1
adni%20early%20ad%20trial.pdf). Likewise, it may
also be possible to preselect subjects for clinical trials
based on degree of amyloid present on amyloid PET
imaging. Evidence suggests from ADNI that PiB pos-
itivity is associated with worsened episodic memory
and hippocampal volumes in MCI subjects [25], and
may indicate higher rates of conversion to AD. Utiliz-
ing these biomarkers to reduce sample sizes needed to
demonstrate drug effects on clinical measure will make
studies of treatment effects in MCI readily feasible.
Further, it is obviously appropriate to limit subjects in
anti-amyloid treatment trials to those with evidence of
amyloid accumulation.
3. Neuroimaging and covariates for analysis of
standard outcome measures
Amyloid imaging and CSF Aβ measurements iden-
tify subjects with amyloid dysregulation and accumu-
lation, but do not show significant longitudinal change
in subjects with MCI or AD [7,14]. On the oth-
er hand, volumetric MRI measures, including hip-
pocampal volume, whole brain volume, ventricular en-
largement and regional cortical thickness measures,
show predictable longitudinal decline that tracks clin-
ical progression [14–16,23]. Likewise, measures of
flurodeoxyglucose (FDG) PET, a measure of glucose
metabolisms also reflect stage of clinical disease, as
demonstrated in the ADNI cohort [22]. This provides
an accurate and objective measure of disease stage,
which in turn predicts subsequent cognitive and clini-
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cal decline. It is therefore useful to utilize volumetric
MRI measures or FDG PET as covariates in the anal-
ysis of longitudinal data from MCI and AD trials [22,
44]. For example, we assessed various ADNI imaging
and biomarker measures as covariates to identify their
influence on required sample sizes in a 24 month clini-
cal trial of MCI, utilizing decline on the ADAS-cog12
or the Clinical Dementia Rating Scale – sum of boxes
(CDR-SB) as efficary endpoint measures. Using linear
random effect modeling we assumed a 30% effect size
with a power of 80% and a 2-sided alpha equal to 0.05.
If just utilizing decline on the ADAS-cog12 as an end-
point measure, it would require 593 subjects to detect
a 30% effect size. If cortical thickness in the temporal
lobe is added as a covariate to this model, this num-
ber can be reduced by 10% to 534 (http://www.adni-
info.org/images/stories/SteeringCommittee2009/03-1
adni%20early%20ad%20trial.pdf). Further evaluation
of how various imaging techniques can be used as co-
variates in endpoint modeling may prove to enhance
our ability to detect drug effects and reduce necessary
sample sizes and study lengths.
4. Neuroimaging for trial endpoints
A surrogate endpoint is a marker of underlying dis-
ease that reflects clinical and/or pathological disease
processes with a high degree of specificity and sensitiv-
ity. For a biomarker to be accepted as a surrogate end-
point in a clinical drug trial it must (1) be correlated with
the clinical endpoint; and (2) fully capture the net effect
of the intervention on the clinical efficacy endpoint [10,
31]. The regulatory agencies require demonstration of
benefits on two co-primary outcome measures for ap-
proval of treatments for AD, a broad cognitive measure
plus an assessment of global clinical status or function.
As noted above, it requires a large trial to demonstrate
such effects in AD and especially in pre-dementia pop-
ulations. However, the effect of an intervention on
synaptic function (presumably underlying the cognitive
and clinical changes) can be assessed using FDG-PET,
providing a potential method for exploring benefit in
smaller studies. This has been utilized in a small Phase
1 study of a neuroprotective intervention in mild to
moderate AD [40], and may have wider utility across
the spectrum of disease [33–35]. Reiman et al, demon-
strated that the ADNI FDG-PET dataset can be utilized
to improve power to detect disease progression and dis-
ease modifying treatment effects when used as a prima-
ry treatment effect endpoint (presented at the 2009 AD-
NI meeting, April 27th, Seattle, WA: http://www.adni-
info.org/images/stories/SteeringCommittee2009/06
jagust.pdf). A training dataset consisting of baseline
to 12 month follow-up FDG-PET scans from 27 AD
subjects from the ADNI dataset was used to optimize
settings for the detection of longitudinal FDG-PET sig-
nal decline. This was done by creating an empirically
defined statistical region of interest (sROI) that iden-
tifies brain voxels whose mean change serves as a re-
liable index for decline in FDG PET signal over 12
months (Fig. 1). Utilizing a second testing dataset (29
AD), mean change in this pre-defined sROI was used
as a primary outcome measure for a power analysis to
determine detectable change over 12 months in ADNI
AD subjects. This power analysis assumed a treatment
effect size of 25%, 80% power with an alpha=0.05. To
identify significant changes in FDG PET signal consis-
tent with those seen in AD, only 61 AD patients would
be required in a 12 month study. This is compared to
673 subjects for similar effects to be recognized with
decline in CDR-SB, 612 with the ADAS-cog11, or 493
for change in Mini Mental State Exam Scores in this
same cohort.
Both MRI volumetric endpoints and FDG PET mea-
sures may be useful for improving power in clinical
trials or even used as primary outcome measures. MRI
is more specific for establishing a disease-modifying
treatment effect. FDG-PET, on the other hand, can
show reversible symptomatic effects as well as disease-
modifying effects. Analysis of ADNI data demon-
strates that MRI data is also substantially more pow-
erful than cognitive endpoints, providing a feasible
method for exploring effects in Phase II trials, and
for establishing disease-modifying effects in Phase III
studies.
MRI volumetric measures have been well established
to distinguish Alzheimer’s disease and MCI from non-
demented individuals, as well as predict future cogni-
tive decline [14,16,37,41]. Recently, ADNI data has
provided an opportunity to assess potential uses of vol-
umetric MRI data as primary outcome measures in mul-
ticenter randomized clinical trials, and determine pow-
er for detecting change over time. In an ADNI volu-
metric MRI study by our group [20], we characterized
12-month whole brain atrophy rates in 34 probable AD
patients (pAD), 75 amnestic MCI patients, and 38 el-
derly NC using Iterative Principal Component Analysis
(IPCA). Using IPCA [2], whole brain atrophy annual
percent change was determined to be 0.60 ± 0.23%
in pAD patients, 0.37 ± 0.28% in MCI patients, and
0.28 ± 0.24% in NC (ANOVA P = 1e-6, linear trend
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Fig. 1. Statistical pattern of FDG PET change over 12 months in AD sample. Statistical region of interest representing 12 month FDG PET signal
change in a training set of 27 subjects from the ADNI dataset. This pattern of AD-like change can be used as an outcome measure to identify
effects of putative treatments for AD in randomized clinical trials.
P = 7e-7). For pAD, power estimates determined the
need for 37 patients using this measure of brain atro-
phy, compared to 474 using the ADAS-COG to detect
a 25% AD-slowing treatment effect with 80% power
and two-tailed P = 0.05 in twelve-month multi-center
randomized controlled trials (RCTs).
Thompson et al. recently used the ADNI MRI dataset
to demonstrate that tensor based morphometry (TBM),
a sensitive technique that measures volumetric changes
in brain structures, can be used as an endpoint measure
to significantly improve effect sizes and reduce sample
sizes in clinical trials evaluating disease modifying ef-
fects [12]. Applying the sROI approach introduced by
Reiman et al (Fig. 1), this study exemplifies the areas
of change over time in AD (n = 104), MCI (n = 254),
and normal controls (157). Detection power was great-
ly enhanced by summarizing changes in a statistically-
defined region-of-interest derived from an independent
training sample of 22 AD patients. In power analyses,
the best method required only 48 AD and 88 MCI sub-
jects to give 80% power to detect a 25% reduction in
the mean annual change using a two-sided test (at α =
0.05). This represents a dramatic sample size reduc-
tion compared to using clinical scores as outcome mea-
sures (619 AD/6797 MCI for the ADAS-Cog, and 408
AD/796 MCI for the Clinical Dementia Rating sum-of-
boxes scores). Table 1 compares sample size estimates
using FDG-PET, TBM-MRI, whole-brain atrophy and
clinical measures as primary endpoint measures for a
hypothetical clinical drug trial in AD, compiled from
the studies presented here. It is not clear which imag-
ing technique provides the most power to detect AD-
associated brain changes over time. More studies are
needed. However, it is clear that using imaging as pri-
Table 1
Treatment trial sample size estimates using
FDG PET and MRI morphometry compared to
clinical measures as primary endpoints for AD
clinical trials
Sample size estimates
sROI-FDG-PET 61
TBM-MRI* 48
Whole brain atrophy: 37
IPCA -MRI
CDR-SB 673
ADAS-Cog 612
MMSE 493
Estimated sample size per treatment arm in a
treatment trial for Alzheimer’s disease needed to
detect a 25% reduction in mean annual change
with a two-sided test andα= 0.05 at 80% power
(pooled data, see text). *Adapted from [12].
mary endpoints provides advantages compared to using
standard cognitive endpoint measures in clinical trials
of AD.
Many investigators suspect that the ideal population
for disease-modifying interventions is the group with
amyloid accumulation but no significant symptomatol-
ogy. Cognitive and clinical measures are not useful in
assessing drug effects in this “pre-symptomatic” group.
But based on preliminary evidence from ADNI, such
subjects do show increased atrophy rates, as well as
changes in FDG PET and amyloid imaging,so it may be
possible to demonstrate drug effects using these imag-
ing measures. It must be emphasized though that until
treatment effects on such measures are shown to cor-
relate with cognitive and clinical measures, they will
not be considered primary (ie, surrogate) endpoints for
pivotal trials. Nevertheless, as of now, these types of
correlations are most promising for MRI volumetrics
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and FDG PET [9,14,21,23]. Amyloid PET imaging
also holds great promise for measuring therapeutic ef-
fects on cortical amyloid load for treatments that direct-
ly target amyloid pathology. Although the ADNI is not
designed to assess how well biomarkers capture inter-
vention effects, it is well positioned to give researches
opportunities to develop surrogate biomarkers for this
purpose.
5. Conclusion
Improvements to clinical trial methodology will fa-
cilitate the development of disease-modifying treat-
ments for AD. In particular, neuroimaging modalities
offer a method for subject selection and characteriza-
tion that can greatly improve statistical power. This
is critically important for trials in AD dementia, and
even more crucial for trials conducted in mildly im-
paired, pre-dementia populations with very gradual de-
cline rates. Analysis of the publically available ADNI
data has confirmed the utility of imaging biomarkers for
trial design; such analyses provide a framework for the
incorporation of standardized neuroimaging measures
into multicenter trials. Adoption of these methods by
drug development programs can link treatment effect
on neuroimaging measures to standard cognitive and
clinical outcomes, the essential step toward the goal
of establishing neuroimaging biomarkers as surrogate
primary endpoints in AD clinical trials to facilitate the
development of treatments for pre-symptomatic indi-
viduals.
Acknowledgments
ADNI data presented in this review were funded
through the following sources: The Foundation for the
National Institutes of Health (www.fnih.org) coordi-
nates the private sector participation of the $60 million
ADNI public-private partnership that was begun by the
National Institute on Aging (NIA) and supported by the
National Institutes of Health. To date, more than $27
million has been provided to the Foundation for NIH by
Abbott, AstraZeneca AB, Bayer Schering Pharma AG,
Bristol-Myers Squibb, Eisai Global Clinical Develop-
ment, Elan Corporation, Genentech, GE Healthcare,
GlaxoSmithKline, Innogenetics, Johnson & Johnson,
Eli Lilly and Co., Merck & Co., Inc., Novartis AG,
Pfizer Inc., F. Hoffmann-La Roche, Schering-Plough,
Synarc Inc., and Wyeth, as well as non-profit partners
the Alzheimer’s Association and the Institute for the
Study of Aging.
References
[1] H. Braak and E. Braak, Pathology of Alzheimer’s disease, in
Neurodegenerative Diseases, in: Saunders, D.B. Calne, ed.,
Philadephia, 1994, pp. 585–613.
[2] K. Chen, E.M. Reiman, G.E. Alexander, D. Bandy, R. Renaut,
W.R. Crum, N.C. Fox and M.N. Rossor, An automated algo-
rithm for the computation of brain volume change from se-
quential MRIs using an iterative principal component analysis
and its evaluation for the assessment of whole-brain atrophy
rates in patients with probable Alzheimer’s disease, Neuroim-
age 22 (2004), 134–143.
[3] E.H. Corder, A.M. Saunders, W.J. Strittmatter, D.E.
Schmechel, P.C. Gaskell, G.W. Small, A.D. Roses, J.L. Haines
and M.A. Pericak-Vance, Gene dose of apolipoprotein E type 4
allele and the risk of Alzheimer’s disease in late onset families,
Science 261 (1993), 921–923.
[4] M. Donohue, A. Gamst and P.S. Aisen, Designing Early (pre-
dementia) Alzheimer’s Disease Trials: Linear Mixed Mod-
els Versus Time To Conversion, International Conference on
Alzheimer’s Disease, 2009, P4–P305.
[5] M. Donohue, A. Gamst and P.S. Aisen, Mining ADNI for a
Predictive Model of Diagnostic Conversions using Classifica-
tion and Regression Trees (CART), International Conference
on Alzheimer’s Disease, p. 278.
[6] B. Dubois, H.H. Feldman, C. Jacova, S.T. DeKosky, P.
Barberger-Gateau, J. Cummings, A. Delacourte, D. Galasko,
S. Gauthier, G. Jicha, K. Meguro, J. O’Brien, F. Pasquier, P.
Robert, M. Rossor, S. Salloway, Y. Stern, P.J. Visser and P.
Scheltens, Research criteria for the diagnosis of Alzheimer’s
disease: revising the NINCDS-ADRDA criteria, Lancet Neu-
rol 6 (2007), 734–746.
[7] H. Engler, A. Forsberg, O. Almkvist, G. Blomquist, E. Lars-
son, I. Savitcheva, A. Wall, A. Ringheim, B. Langstrom and
A. Nordberg, Two-year follow-up of amyloid deposition in
patients with Alzheimer’s disease, Brain 129 (2006), 2856–
2866.
[8] A.M. Fagan, C.M. Roe, C. Xiong, M.A. Mintun, J.C. Morris
and D.M. Holtzman, Cerebrospinal fluid tau/beta-amyloid(42)
ratio as a prediction of cognitive decline in nondemented older
adults, Arch Neurol 64 (2007), 343–349.
[9] C. Fennema-Notestine, D.J. Hagler, Jr., L.K. McEvoy, A.S.
Fleisher, E.H. Wu, D.S. Karow and A.M. Dale, Structural MRI
biomarkers for preclinical and mild Alzheimer’s disease, Hum
Brain Mapp 2009.
[10] T.R. Fleming, Surrogate endpoints and FDA’s accelerated ap-
proval process, Health Aff (Millwood) 24 (2005), 67–78.
[11] J. Hardy and D.J. Selkoe, The amyloid hypothesis of
Alzheimer’s disease: progress and problems on the road to
therapeutics, Science 297 (2002), 353–356.
[12] X. Hua, S. Lee, I. Yanovsky, A.D. Leow, Y.Y. Chou, A.J. Ho,
B. Gutman, A.W. Toga, C.R. Jack, Jr., M.A. Bernstein, E.M.
Reiman, D. Harvey, J. Kornak, N. Schuff, G.E. Alexander,
M.W. Weiner and P.M. Thompson, Optimizing Power to Track
Brain Degeneration in Alzheimer’s Disease and Mild Cogni-
tive Impairment with Tensor-Based Morphometry: An ADNI
Study of 515 Subjects, Neuroimage (2009).
[13] C.R. Jack, Jr., M.A. Bernstein, N.C. Fox, P. Thompson, G.
Alexander, D. Harvey, B. Borowski, P.J. Britson, L. Whitwell,
C. Ward, A.M. Dale, J.P. Felmlee, J.L. Gunter, D.L. Hill, R.
Killiany, N. Schuff, S. Fox-Bosetti, C. Lin, C. Studholme, C.S.
DeCarli, G. Krueger, H.A. Ward, G.J. Metzger, K.T. Scott,
R. Mallozzi, D. Blezek, J. Levy, J.P. Debbins, A.S. Fleisher,
M. Albert, R. Green, G. Bartzokis, G. Glover, J. Mugler and
A.S. Fleisher et al. / Applications of neuroimaging to disease-modification trials in Alzheimer’s disease 135
M.W. Weiner, The Alzheimer’s Disease Neuroimaging Initia-
tive (ADNI): MRI methods, J Magn Reson Imaging 27 (2008),
685–691.
[14] C.R. Jack, Jr., V.J. Lowe, S.D. Weigand, H.J. Wiste, M.L. Sen-
jem, D.S. Knopman, M.M. Shiung, J.L. Gunter, B.F. Boeve,
B.J. Kemp, M. Weiner and R.C. Petersen, Serial PIB and
MRI in normal, mild cognitive impairment and Alzheimer’s
disease: implications for sequence of pathological events in
Alzheimer’s disease, Brain (2009).
[15] C.R. Jack, Jr., M.M. Shiung, J.L. Gunter, P.C. O’Brien, S.D.
Weigand, D.S. Knopman, B.F. Boeve, R.J. Ivnik, G.E. Smith,
R.H. Cha, E.G. Tangalos and R.C. Petersen, Comparison of
different MRI brain atrophy rate measures with clinical disease
progression in AD, Neurology 62 (2004), 591–600.
[16] C.R. Jack, Jr., M.M. Shiung, S.D. Weigand, P.C. O’Brien, J.L.
Gunter, B.F. Boeve, D.S. Knopman, G.E. Smith, R.J. Ivnik,
E.G. Tangalos and R.C. Petersen, Brain atrophy rates predict
subsequent clinical conversion in normal elderly and amnestic
MCI, Neurology 65 (2005), 1227–1231.
[17] R.W. Jones, E. Schwam, D. Wilkinson, G. Waldemar, H.H.
Feldman, R. Zhang, K. Albert and R. Schindler, Rates of Cog-
nitive Change in Alzheimer Disease: Observations Across a
Decade of Placebo-controlled Clinical Trials With Donepezil,
Alzheimer Dis Assoc Disord (2009).
[18] W.E. Klunk, H. Engler, A. Nordberg, Y. Wang, G. Blomqvist,
D.P. Holt, M. Bergstrom, I. Savitcheva, G.F. Huang, S. Estrada,
B. Ausen, M.L. Debnath, J. Barletta, J.C. Price, J. Sandell,
B.J. Lopresti, A. Wall, P. Koivisto, G. Antoni, C.A. Mathis and
B. Langstrom, Imaging brain amyloid in Alzheimer’s disease
with Pittsburgh Compound-B, Ann Neurol 55 (2004), 306–
319.
[19] W.E. Klunk and C.A. Mathis, The future of amyloid-beta
imaging: a tale of radionuclides and tracer proliferation, Curr
Opin Neurol 21 (2008), 683–687.
[20] L. Kong, Z. Huan, C. Reschke, C. Shapiro, X. Liu, N.
Ayutyanont, J. Venditti, W. Lee, E.M. Reiman and K. Chen,
Whole brain atrophy based on Iterative Principal Component
Analysis and MRI techniques in the study of Alzheimer’s dis-
ease. International Conference on Complex Medical Enge-
neering, 2009.
[21] J.B. Langbaum, K. Chen, W. Lee, C. Reschke, D. Bandy,
A.S. Fleisher, G.E. Alexander, N.L. Foster, M.W. Wein-
er, R.A. Koeppe, W.J. Jagust and E.M. Reiman, Categori-
cal and correlational analyses of baseline fluorodeoxyglucose
positron emission tomography images from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI), Neuroimage 45
(2009), 1107–1116.
[22] S. Leon, A.A. Tsiatis and M. Davidian, Semiparametric esti-
mation of treatment effect in a pretest-posttest study, Biomet-
rics 59 (2003), 1046–1055.
[23] L.K. McEvoy, C. Fennema-Notestine, J.C. Roddey, D.J. Ha-
gler, Jr., D. Holland, D.S. Karow, C.J. Pung, J.B. Brewer and
A.M. Dale, Alzheimer disease: quantitative structural neu-
roimaging for detection and prediction of clinical and struc-
tural changes in mild cognitive impairment, Radiology 251
(2009), 195–205.
[24] M.A. Mintun, G.N. Larossa, Y.I. Sheline, C.S. Dence, S.Y.
Lee, R.H. Mach, W.E. Klunk, C.A. Mathis, S.T. DeKosky and
J.C. Morris, [11C]PIB in a nondemented population: potential
antecedent marker of Alzheimer disease, Neurology 67 (2006),
446–452.
[25] E.C. Mormino, J.T. Kluth, C.M. Madison, G.D. Rabinovici,
S.L. Baker, B.L. Miller, R.A. Koeppe, C.A. Mathis, M.W.
Weiner and W.J. Jagust, Episodic memory loss is related
to hippocampal-mediated beta-amyloid deposition in elderly
subjects, Brain 132 (2009), 1310–1323.
[26] J.C. Morris, The Clinical Dementia Rating (CDR): current
version and scoring rules, Neurology 43 (1993), 2412–2414.
[27] S.G. Mueller, N. Schuff and M.W. Weiner, Evaluation of treat-
ment effects in Alzheimer’s and other neurodegenerative dis-
eases by MRI and MRS, NMR Biomed 19 (2006), 655–668.
[28] S.G. Mueller, M.W. Weiner, L.J. Thal, R.C. Petersen, C. Jack,
W. Jagust, J.Q. Trojanowski, A.W. Toga and L. Beckett, The
Alzheimer’s disease neuroimaging initiative, Neuroimaging
Clin N Am 15 (2005), 869–877, xi.
[29] A. Nordberg, Amyloid imaging in Alzheimer’s disease, Neu-
ropsychologia 46 (2008), 1636–1641.
[30] R.C. Petersen, G.E. Smith, S.C. Waring, R.J. Ivnik, E.G. Tan-
galos and E. Kokmen, Mild cognitive impairment: clinical
characterization and outcome, Arch Neurol 56 (1999), 303–
308.
[31] R.L. Prentice, Surrogate endpoints in clinical trials: definition
and operational criteria, Stat Med 8 (1989), 431–440.
[32] R. Raschetti, E. Albanese, N. Vanacore and M. Maggini,
Cholinesterase inhibitors in mild cognitive impairment: a sys-
tematic review of randomised trials, PLoS Med 4 (2007), e338.
[33] E.M. Reiman, R.J. Caselli, K. Chen, G.E. Alexander, D. Bandy
and J. Frost, Declining brain activity in cognitively normal
apolipoprotein E varepsilon 4 heterozygotes: A foundation for
using positron emission tomography to efficiently test treat-
ments to prevent Alzheimer’s disease, Proc Natl Acad Sci USA
98 (2001), 3334–3339.
[34] E.M. Reiman, R.J. Caselli, L.S. Yun, K. Chen, D. Bandy,
S. Minoshima, S.N. Thibodeau and D. Osborne, Preclinical
evidence of Alzheimer’s disease in persons homozygous for
the epsilon 4 allele for apolipoprotein E, N Engl J Med 334
(1996), 752–758.
[35] E.M. Reiman, K. Chen, G.E. Alexander, R.J. Caselli, D.
Bandy, D. Osborne, A.M. Saunders and J. Hardy, Functional
brain abnormalities in young adults at genetic risk for late-
onset Alzheimer’s dementia, Proc Natl Acad Sci USA 101
(2004), 284–289.
[36] W.G. Rosen, R.C. Mohs and K.L. Davis, A new rating scale
for Alzheimer’s disease, American Journal of Psychiatry 141
(1984), 1356–1364.
[37] N. Schuff, N. Woerner, L. Boreta, T. Kornfield, L.M. Shaw,
J.Q. Trojanowski, P.M. Thompson, C.R. Jack, Jr. and M.W.
Weiner, MRI of hippocampal volume loss in early Alzheimer’s
disease in relation to ApoE genotype and biomarkers, Brain
132 (2009), 1067–1077.
[38] P.H. St George-Hyslop and J.C. Morris, Will anti-amyloid
therapies work for Alzheimer’s disease? Lancet 372 (2008),
180–182.
[39] L.J. Thal, K. Kantarci, E.M. Reiman, W.E. Klunk, M.W. Wein-
er, H. Zetterberg, D. Galasko, D. Pratico, S. Griffin, D. Schenk
and E. Siemers, The Role of Biomarkers in Clinical Trials for
Alzheimer Disease, Alzheimer Dis Assoc Disord 20 (2006),
6–15.
[40] M.H. Tuszynski, L. Thal, M. Pay, D.P. Salmon, U. HS, R.
Bakay, P. Patel, A. Blesch, H.L. Vahlsing, G. Ho, G. Tong,
S.G. Potkin, J. Fallon, L. Hansen, E.J. Mufson, J.H. Kordower,
C. Gall and J. Conner, A phase 1 clinical trial of nerve growth
factor gene therapy for Alzheimer disease, Nat Med 11 (2005),
551–555.
[41] J.L. Whitwell, M.M. Shiung, S.A. Przybelski, S.D. Weigand,
D.S. Knopman, B.F. Boeve, R.C. Petersen and C.R. Jack, Jr.,
MRI patterns of atrophy associated with progression to AD
136 A.S. Fleisher et al. / Applications of neuroimaging to disease-modification trials in Alzheimer’s disease
in amnestic mild cognitive impairment, Neurology 70 (2008),
512–520.
[42] B. Winblad, K. Palmer, M. Kivipelto, V. Jelic, L. Fratiglioni,
L.O. Wahlund, A. Nordberg, L. Backman, M. Albert, O.
Almkvist, H. Arai, H. Basun, K. Blennow, L.M. de, C. De-
Carli, T. Erkinjuntti, E. Giacobini, C. Graff, J. Hardy, C. Jack,
A. Jorm, K. Ritchie, D.C. van, P. Visser and R.C. Petersen,
Mild cognitive impairment–beyond controversies, towards a
consensus: report of the International Working Group on Mild
Cognitive Impairment, J Intern Med 256 (2004), 240–246.
[43] C. Wolfson, M. Oremus, V. Shukla, F. Momoli, L. Demers,
A. Perrault and Y. Moride, Donepezil and rivastigmine in the
treatment of Alzheimer’s disease: a best-evidence synthesis
of the published data on their efficacy and cost-effectiveness,
Clin Ther 24 (2002), 862–886.
[44] M. Zhang, A.A. Tsiatis and M. Davidian, Improving efficien-
cy of inferences in randomized clinical trials using auxiliary
covariates, Biometrics 64 (2008), 707–715.
